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Introduction {#sec001}
============

Aggregation of misfolded proteins or peptides is a common feature of neurodegenerative diseases including Alzheimer's, Parkinson's, Huntington's, prion and other diseases \[[@ppat.1006563.ref001],[@ppat.1006563.ref002]\]. According to traditional view, each neurodegenerative disease is characterized by aggregation of one or two disease-specific proteins or peptides, for instance, Aβ and tau in Alzheimer's disease, α-synuclein in Parkinson's disease, or prion protein in prion diseases. In recent years, however, an increasing number of studies have revealed that some individuals show co-occurrence of neuropathological features characteristic of more than one neurodegenerative disease \[[@ppat.1006563.ref003]--[@ppat.1006563.ref008]\] (reviewed in \[[@ppat.1006563.ref009]\]). For example, α-synuclein pathology (Lewy bodies) can be detected in Creutzfeldt-Jakob disease (CJD) patients including sporadic and genetic forms \[[@ppat.1006563.ref007],[@ppat.1006563.ref010],[@ppat.1006563.ref011]\]. Moreover, histological examination demonstrated that aggregates of unrelated amyloidogenic proteins or peptides, including prion protein, tau, Aβ peptides, α-synuclein, immunoglobulin light chain λ, and β~2~-microglobulin, could be observed within the same plaques or in close proximity \[[@ppat.1006563.ref012]--[@ppat.1006563.ref017]\]. However, the mechanisms responsible for co-aggregation of different amyloidogenic proteins are not understood. Could cross-seeding between unrelated amyloidogenic proteins contribute to the etiology of neurodegenerative diseases?

Two different mechanisms have been proposed to explain how diseases with mixed brain pathologies or symptoms may arise. According to one mechanism, a general decline in proteostasis including ER stress, impairment of proteasome-, lysosome-, or autophagosome-dependent degradation during normal ageing or disease conditions, could trigger co-aggregation of multiple amyloidogenic proteins that are prone to misfolding. Such a mechanism assumes that imposing a stress on proteostasis results in misfolding and aggregation of multiple proteins independently or semi-independently, i.e. in the absence of direct cross-seeding. Consistent with this hypothesis is a study in which shorter incubation times to prion disease were observed in transgenic mice that overexpress human A53T α-synuclein compared to non-transgenic controls inoculated with three prion strains \[[@ppat.1006563.ref018]\]. Another study reported that inoculation of prions into aged transgenic mice overexpressing human wild type α-synuclein resulted in more extensive and abundant intraneuronal and synaptic accumulation of α-synuclein relative to non-transgenic control mice \[[@ppat.1006563.ref019]\]. In addition, in agreement with the latter mechanism is the observation that CJD patients exhibit impairments of the nigrostriatal pathway, which is a hallmark of Parkinson's disease \[[@ppat.1006563.ref007]\].

An alternative mechanism proposes that co-occurrence of mixed brain pathologies arises by direct cross-seeding of protein aggregates of one disease-related protein by fibrils or oligomers of an unrelated protein. A few studies have provided experimental evidence in support of this idea. Examples of cross-talk between different yeast prion proteins in a cell were documented more than a decade ago \[[@ppat.1006563.ref020],[@ppat.1006563.ref021]\]. In addition, reactive protein A amyloidosis or senile apolipoprotein A-II amyloidosis were found to develop in mice as a result of cross-seeding by fibrils of apolipoprotein A-II or protein A, respectively \[[@ppat.1006563.ref022]\]. In recent studies, examples of cross-seeding of Tau by Aβ fibrils or α-synuclein fibrils were illustrated using *in vitro*, cellular and animal models \[[@ppat.1006563.ref023]--[@ppat.1006563.ref025]\].

In this study we examined whether prion replication can be induced by cross-seeding with aggregated α-synuclein or Aβ peptide. We found that α-synuclein aggregates formed either in cultured cells or *in vitro* triggered misfolding of PrP^C^ in serial Protein Misfolding Cyclic Amplification reactions, producing self-replicating PrP states characterized by a short C-terminal proteinase K (PK) resistant region referred to as PrPres. Non-fibrillar α-synuclein or fibrillar Aβ failed to cross-seed misfolding of PrP^C^. Remarkably, PrPres triggered by aggregated α-synuclein *in vitro* propagated in animals and, upon serial transmission, produced PrP^Sc^ and clinical prion disease characterized by spongiosis and astrocytic gliosis. The current study demonstrates that aggregated α-synuclein is potent in cross-seeding misfolding and aggregation of the prion protein *in vitro*, producing self-replicating states that can lead to transmissible prion diseases upon serial passage in wild type animals. In summary, this work documents direct cross-seeding between unrelated amyloidogenic proteins associated with different neurodegenerative diseases.

Results {#sec002}
=======

To examine the ability of α-synuclein to cross-seed aggregation of PrP^C^, a [P]{.ul}rotein [M]{.ul}isfolding [C]{.ul}yclic [A]{.ul}mplification with [b]{.ul}eads that employs partially deglycosylated Syrian hamster PrP^C^ as a substrate (dgPMCAb) was used \[[@ppat.1006563.ref026],[@ppat.1006563.ref027]\]. Partial deglycosylation by treatment with PNGase F altered the ratio of the three PrP^C^ glycoforms in favor of mono- and unglycosylated PrP^C^ at the expense of diglycosylated PrP^C^ ([Fig 1a](#ppat.1006563.g001){ref-type="fig"}). Previously we showed that partial deglycosylation of PrP^C^ removes spatial constraints imposed by bulky N-linked carbohydrates, expanding the range of possible folding patterns that PrP^C^ can acquire upon conversion into self-replicating, PrP^Sc^-like states \[[@ppat.1006563.ref026]--[@ppat.1006563.ref028]\]. As an illustration of this effect, amyloid fibrils prepared from recombinant hamster PrP *in vitro* failed to seed prion replication in Protein Misfolding Cyclic Amplification with beads (PMCAb) that used non-treated PrP^C^, but displayed consistent seeding activity in dgPMCAb with partially deglycosylated PrP^C^ \[[@ppat.1006563.ref026],[@ppat.1006563.ref028]\].

![Cross-seeding of PrP^C^ misfolding and replication in dgPMCAb.\
**a** Analysis of the glycoform ratios of PrP^C^ from Syrian hamster normal brain homogenate (HaNBH) before and after treatment with PNGase F. Black and white triangles mark di- and monoglycosylated glycoforms, respectively, whereas arrows mark the unglycosylated form. **b** and **c** Serial dgPMCAb reactions were seeded as labeled with (i) lysates of HeLa cells expressing WT α-synuclein (HeLa WT) or A30P mutant (HeLa A30P) and cultured under two conditions (\#1, \#2) as described in Methods; (ii) amyloid fibrils produced *in vitro* from recombinant α-synuclein from two sources (syn fibrils \#1, \#2 as described in [Methods](#sec004){ref-type="sec"}); (iii) mouse rPrP amyloid fibrils produced *in vitro* in 0, 0.1, 0.5, or 2.5M GdnHCl (Mo rPrP fibrils \#1, \#2, \#3, \#4, respectively); (iv) non-fibrillar α-synuclein (non-fibr); or (v) Aβ fibrils produced *in vitro* using six different protocols as described in Methods (Aβ fibrils, \#1--\#6). As a control for cross-contamination, non-seeded dgPMCAb reactions were conducted in parallel (non-seeded). Seven serial dgPMCAb rounds with 10-fold dilutions between rounds were conducted and the products of the seventh round were treated with PK and analyzed by Western blots using SAF-84 antibodies. As references, dgPMCAb-derived PrPres formed in serial dgPMCAb seeded with hamster rPrP fibrils produced *in vitro* in 0.5 M GdnHCl (Ha rPrP fibrils, panel **b**) or brain- derived PrPres from animals inoculated with hamster rPrP fibrils are provided (brain PrPres, panel **c**) \[[@ppat.1006563.ref026]\]. **d** Analysis of PrPres dynamics in serial dgPMCAb reactions seeded with α-synuclein WT fibrils \#1, lysates of HeLa cells expressing α-synuclein A30P variant and cultured under condition \#2, or hamster rPrP fibrils.](ppat.1006563.g001){#ppat.1006563.g001}

To examine cross-seeding activity, lysates of HeLa cells transfected with either GFP-tagged wild type (WT) α-synuclein or with the Parkinson's disease (PD) A30P mutant α-synuclein were assessed for their ability to seed PrP^C^ conversion in serial dgPMCAb reactions consisted of seven serial rounds. Preliminary studies revealed that, in contrast to WT α-synuclein, the A30P mutant formed aggregates in HeLa cells ([S2a and S2b Fig](#ppat.1006563.s003){ref-type="supplementary-material"}). Remarkably, misfolded PK-resistant PrP states were formed in serial dgPMCAb reactions seeded with lysates of cells expressing the A30P mutant, but not WT α-synuclein ([Fig 1b](#ppat.1006563.g001){ref-type="fig"}). The dgPMCAb-derived PK-resistant PrP products will be referred to as PrPres. The dgPMCAb-derived PrPres consisting of di-, mono-, and unglycosylated bands were detectable by the SAF-84 antibody, which recognizes the C-terminal epitope 160--170. Notably, the PK resistance pattern of dgPMCAb-derived PrPres was similar to PrPres formed in dgPMCAb reactions seeded with Syrian hamster (Ha) full-length recombinant PrP (rPrP) fibrils described in previous studies ([Fig 1b](#ppat.1006563.g001){ref-type="fig"}) \[[@ppat.1006563.ref026]\]. To test whether seeding activity is attributable to aggregated forms of α-synuclein, recombinant α-synuclein obtained from two independent sources described in Materials and Methods was converted *in vitro* into amyloid fibrils and tested in serial dgPMCAb ([S1 Table](#ppat.1006563.s001){ref-type="supplementary-material"}, [S2c Fig](#ppat.1006563.s003){ref-type="supplementary-material"}). Fibrillar preparations of α-synuclein from both sources consistently showed cross-seeding activity in serial dgPMCAb in three independent experiments, whereas all reactions seeded with non-fibrillar α-synuclein were negative ([Fig 1b and 1c](#ppat.1006563.g001){ref-type="fig"}). All experiments were performed using equipment and laboratory space that have never been exposed to prions. Nevertheless, as negative controls, non-seeded dgPMCAb reactions were conducted in parallel in each experiment and were always negative ([Fig 1b](#ppat.1006563.g001){ref-type="fig"}).

To examine the specificity of PrP^C^ cross-seeding by α-synuclein, serial dgPMCAb was seeded with Aβ amyloid fibrils prepared *in vitro* under six different solvent conditions using Aβ(1--40) peptide ([S1 Table](#ppat.1006563.s001){ref-type="supplementary-material"}, [S2d Fig](#ppat.1006563.s003){ref-type="supplementary-material"}). All dgPMCAb reactions seeded with Aβ fibrils were negative ([Fig 1c](#ppat.1006563.g001){ref-type="fig"}). To further establish the specificity of cross-seeding, dgPMCAb reactions were seeded with amyloid fibrils prepared *in vitro* under four different solvent conditions using mouse (Mo) full-length rPrP rather than Ha rPrP ([S1 Table](#ppat.1006563.s001){ref-type="supplementary-material"}). While the sequences of Mo and Ha full-length PrPs are 94% identical ([S3 Fig](#ppat.1006563.s004){ref-type="supplementary-material"}), our previous studies established that the fibrils formed by two rPrP variants are structurally different \[[@ppat.1006563.ref029],[@ppat.1006563.ref030]\]. Serial dgPMCAb reactions seeded with Mo rPrP fibrils were all negative ([Fig 1b](#ppat.1006563.g001){ref-type="fig"}). In summary, in addition to Ha rPrP fibrils, only α-synuclein in aggregated states (produced in *vitro* or by cultured cells, respectively) showed cross-seeding activity in the serial dgPMCAb assay.

The relative efficiency of cross-seeding or the amounts of active seeds could be estimated from a time-point or a round number at which the first PrPres could be detected by Western blot. When seeded with Ha rPrP fibrils, the conversion products were detected by the third or fourth dgPMCAb rounds ([Fig 1d](#ppat.1006563.g001){ref-type="fig"} and \[[@ppat.1006563.ref026]\]). In the reactions seeded by fibrillary α-synuclein, the first PrPres was visible by the fifth round. As expected, this result illustrates that the cross-seeding of PrP^C^ aggregation by α-synuclein fibrils was less efficient than seeding by Ha rPrP fibrils.

To test whether dgPMCAb-derived PrPres induced prion disease in animals, Syrian hamsters were inoculated with the products of serial dgPMCAb reactions seeded with (i) the lysates of HeLa cells expressing α-synuclein A30P or (ii) WT α-synuclein fibrils produced *in vitro* ([Table 1](#ppat.1006563.t001){ref-type="table"}). The products of non-seeded serial dgPMCAb reactions were inoculated as a negative control. In addition, to examine whether α-synuclein cross-seeded prion replication directly in animals, two animal groups were inoculated with either fibrillar or non-fibrillar WT α-synuclein ([Table 1](#ppat.1006563.t001){ref-type="table"}). No obvious clinical signs were detected in any animal groups, and all animals were euthanized at 561 days after inoculation ([Table 1](#ppat.1006563.t001){ref-type="table"}). Nevertheless, all animals inoculated with PrPres products from dgPMCAb reactions seeded with fibrillar WT α-synuclein fibrils or lysates of HeLa cells expressing α-synuclein A30P mutant showed PrPres ([Fig 2a](#ppat.1006563.g002){ref-type="fig"}, [Table 1](#ppat.1006563.t001){ref-type="table"}). Remarkably, the PK-digestion pattern of the animal-derived PrPres was very similar, but not identical, to that of dgPMCAb-derived PrPres ([Fig 2b](#ppat.1006563.g002){ref-type="fig"}). The animal-derived PrPres consisted of predominant monoglycosylated and smaller amounts of di- and unglycosylated bands that can be detected by C-terminal SAF-84 antibody (epitope 160--170) ([Fig 2a](#ppat.1006563.g002){ref-type="fig"}). The animal-derived PrPres was not detectable by 3F4 antibody immunoreactive to the epitope 109--112 ([Fig 2a](#ppat.1006563.g002){ref-type="fig"}). The total amount of brain-derived PrPres exceeded more than 10^3^-fold the amount of PrPres in the inocula arguing that PrPres was able to replicate effectively in animals. In addition to PrPres, very small amounts of PrP^Sc^ detectible by 3F4 were found in animals in both groups ([Fig 2a](#ppat.1006563.g002){ref-type="fig"}). None of the animals inoculated with fibrillar or non-fibrillar WT α-synuclein or dgPMCAb-derived material from non-seeded reactions displayed any PK-resistant products, as judged by SAF-84 or 3F4 staining ([Fig 2a](#ppat.1006563.g002){ref-type="fig"}, [Table 1](#ppat.1006563.t001){ref-type="table"}). In summary, PrPres generated *in vitro* under conditions with altered PrP^C^ glycoform ratios were able to propagate in animals despite unfavorable ratios of di-, mono- and unglycosylated PrP^C^ resulting in accumulation of animal-derived PrPres and small amounts of PrP^Sc^.

10.1371/journal.ppat.1006563.t001

###### Bioassay in Golden Syrian hamsters.

![](ppat.1006563.t001){#ppat.1006563.t001g}

  Material used for inoculation                                         PKres in dgPMCAb   1^st^ passage [^c^](#t001fn003){ref-type="table-fn"}   2^nd^ passage [^d^](#t001fn004){ref-type="table-fn"}               
  --------------------------------------------------------------------- ------------------ ------------------------------------------------------ ------------------------------------------------------ ----- ----- --------
  dgPMCAb products seeded with A30P α-synuclein HeLa \#2                yes                0/6                                                    6/6                                                    5/5   5/5   588±19
  dgPMCAb products seeded with fibrillar α-synuclein (source \#2)       yes                0/5                                                    5/5                                                    6/6   6/6   607±21
  non-seeded dgPMCAb                                                    no                 0/4                                                    0/4                                                    0/4   0/4   none
  dgPMCAb products seeded with non-fibrillar α-synuclein (source \#2)   no                 \-                                                     \-                                                     \-    \-    \-
  fibrillar α-synuclein (source \#2)                                    0/6                0/6                                                    \-                                                     \-    \-    
  non-fibrillar α-synuclein (source \#2)                                0/4                0/4                                                    \-                                                     \-    \-    

^a^ Number of animals with clinical signs over the total number of animals survived to the end of the experiment.

^b^ Number of animals with PrPres in brains by Western blot over the total number of animals which survived to the end of the experiment

^c^ The animals from the 1^st^ passage were euthanized at 561 days postinoculation

^d^ The animals from the 2^d^ passage were euthanized at 638--642 days postinoculation

![Bioassay of dgPMCAb-derived PrPres in Syrian hamsters.\
**a** Western blot analysis of brain material from hamsters inoculated IC with (i) fibrillar α-synuclein, (ii, iii) dgPMCAb-derived PrPres induced by WT α-synuclein fibrils or lysates of HeLa cells expressing the A30P variant, (iv) non-fibrillar α-synuclein, or (v) non-seeded dgPMCAb-derived material and stained with SAF-84 (top panels) or 3F4 antibody (bottom panels). Non-inoculated, age-matched animals were examined as a negative control. Brain materials marked by asterisks were used for the second passage. **b** Left panel shows Western blot analysis of dgPMCAb-derived PrPres used for inoculation and resulting brain-derived PrPres and PrP^Sc^ from animals of the 1^st^ and 2^nd^ passages. To match the amounts of dgPMCAb- and brain-derived PrPres on a blot, all brain materials were diluted 250-fold after PK treatment. Western blots were stained with SAF-84 antibody. On the right panel is a schematic representation of the PK resistant profile showing overlap between the three glycoforms of PrPres (gray boxes) and the three glycoforms of PrP^Sc^ (black boxes). **c** Western blot analysis of brain material from hamsters inoculated with the second passage of dgPMCAb-derived PrPres induced by α-synuclein fibrils; lysates of HeLa cells expressing the A30P mutant; or non-seeded dgPMCAb-derived material. Lanes marked by asterisks show brain material from animals from the first passages used for serial transmission. Western blots were stained with SAF-84 (top panels) or 3F4 antibody (bottom panels).](ppat.1006563.g002){#ppat.1006563.g002}

Histopathological evaluation of two animal groups inoculated with dgPMCAb-derived PrPres revealed mild focal reactive astrogliosis in all examined animals mostly in the hippocampus and variably in other regions such as frontal cortex or thalamus ([Fig 3](#ppat.1006563.g003){ref-type="fig"}, [S4 Fig](#ppat.1006563.s005){ref-type="supplementary-material"}). Typical spongiform changes associated with prion diseases were not evident, although single small vacuoles were found in certain regions of the brain. Immunostaining for PrP using SAF-84 revealed granular or fine diffuse synaptic deposits, but no plaques or amorphous deposits ([Fig 3](#ppat.1006563.g003){ref-type="fig"}, [S4 Fig](#ppat.1006563.s005){ref-type="supplementary-material"}). PrP immunoreactivity was seen predominantly in the cortex and hippocampus and variably in subcortical areas. Consistent with very minor amounts of 3F4-positive PrP^Sc^ detectable by Western blot in animals of these groups, immunostaining for PrP using 3F4 did not reveal unequivocal pathological deposits ([S5 Fig](#ppat.1006563.s006){ref-type="supplementary-material"}). Overall, histopathological analysis showed similar changes in animals of both groups that involved fine diffuse/synaptic SAF-84-positive PrP immunoreactivity, minor astrocytic gliosis, minimal if any spongiosis and lack of microgliosis ([Fig 3](#ppat.1006563.g003){ref-type="fig"}, [S6 Fig](#ppat.1006563.s007){ref-type="supplementary-material"}). Control groups including animals inoculated with products of non-seeded dgPMCAb reactions, WT α-synuclein fibrils or non-fibrillar α-synuclein also showed only minor GFAP staining, no significant vacuolization, and lack of microgliosis as well as lack of PrP deposits, as probed by SAF-84 ([S7 Fig](#ppat.1006563.s008){ref-type="supplementary-material"}). In summary, both animal groups inoculated with dgPMCAb-derived PrPres showed limited prion pathology as judged by Western blot and histopathological analysis, but no clinical disease.

![Histopathological analysis of brains from the 1^st^ passage of dgPMCAb-derived PrPres.\
Representative images of the frontal cortex (**a, b, c, d**) and hippocampus (**e, f, g, h**) of animals inoculated with dgPMCAb products seeded with fibrillar WT α-synuclein (**a,b,e,f**) or dgPMCAb products seeded with lysates of HeLa cells expressing A30P α-synuclein (**c,d,g,h**). Note the lack of spongiform change in the sections stained with hematoxylin and eosin (**a, c, e, g**) and patchy reactive astrogliosis (immunostaining for GFAP are in the insets in panels **a** and **c**). Immunostaining for PrP using SAF-84 (**b, d, f, h**) revealed diffuse/synaptic and granular deposits. Scale bar in **a** = 50 μm.](ppat.1006563.g003){#ppat.1006563.g003}

To test whether animals inoculated with dgPMCAb-derived PrPres might develop α-synucleinopathy due to possible amplification of α-synuclein aggregates in dgPMCAb, the animal group injected with dgPMCAb-derived PrPres seeded with fibrillary WT α-synuclein and un-inoculated age-matched control group were also examined by staining with anti-α-synuclein antibodies. Immunostaining for α-synuclein with antibody 4D6 revealed prominent synaptic α-synuclein immunoreactivity in animals of both groups ([S8 Fig](#ppat.1006563.s009){ref-type="supplementary-material"}), which is consistent with its normal physiologic distribution. Synaptic immunoreactivity was more prominent in areas with larger synaptic boutons (e.g. cerebellum granular layer or hippocampus) ([S8a--S8f Fig](#ppat.1006563.s009){ref-type="supplementary-material"}). In addition, coarse α-synuclein deposits and very rare diffuse neuronal cytoplasmic staining were detected in all examined animals of both groups, however, no unequivocal Lewy-body like inclusions were found ([S8 Fig](#ppat.1006563.s009){ref-type="supplementary-material"}). While we cannot exclude the possibility that these coarser deposits represent early aggregates, these findings should be interpreted with great caution, as it is currently unclear whether Syrian hamsters can develop any human-like α-synuclein pathology.

To examine whether serial transmission of brain material containing PrPres leads to clinical prion disease, brain material from animals inoculated with dgPMCAb-derived PrPres induced either by α-synuclein WT fibrils, the lysates of HeLa cells expressing α-synuclein A30P, or non-seeded dgPMCAb-derived material were used for the second passage ([Table 1](#ppat.1006563.t001){ref-type="table"}). The animal groups that were injected with brain material containing PrPres developed clinical symptoms including hyperreactivity, dry skin, rough patchy coat and dry eyes ([Table 1](#ppat.1006563.t001){ref-type="table"}). All animals from these two groups showed substantial amounts of PrPres detectible by SAF-84 and PrP^Sc^ that was detected by both SAF-84 and 3F4 antibody ([Fig 2c](#ppat.1006563.g002){ref-type="fig"}). Assessment of the dynamics revealed that PrPres continued to propagate during serial transmission, whereas the amounts of PrP^Sc^ increased substantially in the course of the second passage relative to those found in the first passage ([Fig 2b](#ppat.1006563.g002){ref-type="fig"}). The control group of animals, which is the second passage of non-seeded dgPMCAb-derived material, did not display any clinical signs ([Table 1](#ppat.1006563.t001){ref-type="table"}). Brain material from this group did not contain any PK-resistant products ([Fig 2c](#ppat.1006563.g002){ref-type="fig"}).

Histopathological examinations of animals with clinical disease from the second passage of dgPMCAb-derived PrPres induced either by α-synuclein WT fibrils or the lysates of HeLa cells expressing α-synuclein A30P revealed features typical for TSE including spongiform degeneration, both reactive astrogliosis and microgliosis, and PrP^Sc^ deposition (Figs [4](#ppat.1006563.g004){ref-type="fig"} and [5](#ppat.1006563.g005){ref-type="fig"}). Deposition of PrP immunoreactive with 3F4 was detected in multiple brain regions including cortex, cerebellum, thalamus, hippocampus, and caudate putamen (Figs [4](#ppat.1006563.g004){ref-type="fig"} and [5](#ppat.1006563.g005){ref-type="fig"}). Several types of 3F4-positive PrP aggregates were observed, including pronounced plaques and amorphous deposits in the subventricular zones; notable perivascular aggregates, perineuronal deposits and small diffuse deposits in deeper layers of the cortex (Figs [4](#ppat.1006563.g004){ref-type="fig"} and [5](#ppat.1006563.g005){ref-type="fig"}). Typically, the areas with PrP deposition showed considerable overlap with the areas of reactive astrogliosis suggesting that astrocytes are activated in the region characterized by PrP replication and/or accumulation ([Fig 4b and 4c](#ppat.1006563.g004){ref-type="fig"}). Although less pronounced than reactive astrogliosis, the reactive microgliosis was also noticeable ([Fig 4d, 4e, 4g and 4h](#ppat.1006563.g004){ref-type="fig"}). Similarly to the control animal groups from the first passage, the control group from the 2^nd^ passage of non-seeded dgPMCAb-derived material showed only minor GFAP staining, no significant vacuolization, lack of reactive microgliosis, and lack of PrP^Sc^ deposits immunoreactive with 3F4 ([S9 Fig](#ppat.1006563.s010){ref-type="supplementary-material"}).

![Histopathological analysis of brains from the 2^nd^ passage of PrPres produced in dgPMCAb reactions seeded with fibrillar WT α-synuclein.\
Representative images of caudate putamen (**a**) and cerebellum (**b**) stained with hematoxylin and eosin, hippocampus stained with anti-PrP 3F4 (**c**), anti-GFAP (**d**) or anti-Iba1 antibody (**e**), or subventricular zones stained with anti-PrP 3F4 (**f**), anti-GFAP (**g**) or anti-Iba1 antibody (**h)**. Subventricular deposits are indicated by arrows and the ventricular surface of ependymal cells is indicated by an arrowhead. S-O, stratum oriens; S-R, stratum radiatum; S-L, stratum lacunosum-moleculare; d, dentate gyrus, LV, lateral ventricle. Scale bars: in **a, b, f, g, h** = 100 μm, **c, d, e** = 500 μm.](ppat.1006563.g004){#ppat.1006563.g004}

![Histopathological analysis of brains from the 2^nd^ passage of PrPres produced in dgPMCAb reactions seeded with fibrillar WT α-synuclein.\
Subcallosal (**a**), perineuronal (**b**, indicated by arrows) and perivascular (**c**, indicated by arrows) PrP immunoreactivity as stained with anti-PrP 3F4 antibody. Ctx, cortex; cc, corpus callosum; Hp, hippocampus; LV, lateral ventricle. Scale bars: in **a, c** = 100 μm, **b** = 50 μm.](ppat.1006563.g005){#ppat.1006563.g005}

Discussion {#sec003}
==========

The current work demonstrates that aggregated forms of α-synuclein can cross-seed aggregation of the prion protein. Cross-seeding gave rise to PK-resistant, self-replicating PrP states referred to as PrPres that can lead to transmissible prion disease when inoculated and serially passaged in wild type animals. We do not know whether a similar cross-seeding mechanism might take place *in vivo*. When animals were inoculated with fibrillar α-synuclein directly, no clinical, histopathological or biochemical signs of prion disease such as presence of PrPres or PrP^Sc^ as judged by Western blot were observed. The failure to induce prion disease in animals directly by fibrillar α-synuclein could be due to the very low efficiency of cross-seeding *in vivo*, efficient seed clearance and/or prolonged incubation times that exceed the animal's life expectancy. If this is the case, a much larger cohort of animals would have to be tested to detect possible rare cases of cross-seeding by α-synuclein than the small groups used in the current study.

The format of dgPMCAb assay employed in the current study consisted of seven serial rounds. This amplification protocol was designed to identify fibril preparations capable of seeding prion replication regardless of the amounts of potent seeds present. This format does not intend to compare the relative potency of different fibril preparations, because even miniscule amounts of PrPres could be amplified to the levels detectible by Western blot in seven serial rounds \[[@ppat.1006563.ref027],[@ppat.1006563.ref031]\]. The fact that PrPres was observed only by the fifth dgPMCAb round suggests that the number of active seeds of aggregated α-synuclein capable of initiating PrPres replication is very small and/or that the efficiency of the cross-seeding process is relatively low. Additionally, because α-synuclein forms a variety of aggregated states, including structurally diverse oligomers and fibrils, we do not know the specific α-synuclein states involved in cross-seeding of PrPres \[[@ppat.1006563.ref032]--[@ppat.1006563.ref034]\]. We also do not know whether successful seeding by the lysates of cells expressing A30P variant was due to quantitative differences in the amount of aggregates or qualitative differences in the type of aggregates formed in the cells expressing A30P variant versus WT α-synuclein. As judged from experiments performed *in vitro*, while the A30P variant is less fibrillogenic than WT α-synuclein, it is prone to form oligomers and fibrils structurally different from those of WT α-synuclein \[[@ppat.1006563.ref034]--[@ppat.1006563.ref036]\]. Moreover, the possibility that misfolded monomers of the A30P variant are capable of cross-seeding should not be completely excluded.

The dgPMCAb substrate used in the current study was PrP^C^ that was treated with PNGase F, which partially removed N-linked glycans from PrP^C^ molecules, changing the ratios of glycoforms in favor of mono- and unglycosylated PrP^C^ at the expense of diglycosylated PrP^C^. Because of this PNGase F treatment, dgPMCAb should be considered as a very artificial *in vitro* system. Previously we showed that changing the glycoform ratios in favor of mono- and unglysocylated PrP^C^ releases structural constraints imposed by N-linked glycans and opens up multiple misfolding pathways, resulting in alternative self-propagating structures including PrPres \[[@ppat.1006563.ref027],[@ppat.1006563.ref037]\]. Even a modest change in the glycoform ratio in favor of mono- and unglysocylated PrP^C^ was sufficient to expand the range of plausible self-replicating PrP structures. As such, in contrast to PMCA, dgPMCAb conditions offer advantages in the search of self-replicating states of amyloidogenic proteins capable of successful cross-seeding of PrP. PrPres characterized by a short, C-terminal, PK-resistant region was found to be the first product of PrP^C^ misfolding initiated by cross-seeding. While the conditions of dgPMCAb are considered artificial, dgPMCAb-derived PrPres was very similar to the C-terminal, PK-resistant fragments observed in the majority of patients with sporadic CJD \[[@ppat.1006563.ref038]\] or in atypical bovine spongiform encephalopathy (H-BSE), which is believed to be sporadic in origin \[[@ppat.1006563.ref039]\]. Analysis of PK-resistant species in brains of sporadic CJD-affected individuals identified PrP-derived fragments corresponding to the C-terminal regions encompassing residues \~154/156-231 and 162/167-231, in addition to PrP^Sc^ \[[@ppat.1006563.ref038]\]. The relationship between *bona fide* PrP^Sc^ and the C-terminal PK-resistant fragments is not clear \[[@ppat.1006563.ref040]\]. Nevertheless, considering that in PrP^Sc^ the C-terminal region is the one that is the most resistant to solvent-induced denaturation \[[@ppat.1006563.ref041]\], the C-terminal PK-resistant fragments found in sporadic CJD might represent an intermediate state toward PrP^Sc^.

While dgPMCAb conditions might be considered non-physiological, the products might still be relevant since the relative expression of PrP^C^ glycoforms in a brain varies in a region-specific manner \[[@ppat.1006563.ref042]\]. Therefore, PNGase F-treated PrP^C^ might represent PrP^C^ in those brain regions that display higher proportions of mono- and un- versus diglycosylated PrP^C^. Remarkably, the PrPres generated in dgPMCAb under conditions with altered PrP^C^ glycoform ratios was capable of propagating in animals despite the high proportion of di- versus mono- and unglycosylated PrP^C^ in brain ([Fig 2](#ppat.1006563.g002){ref-type="fig"}). This result, along with a fact that PrPres was not amplifiable in PMCAb with non-treated substrate \[[@ppat.1006563.ref027]\], suggests that in brain, PrPres might specifically target only those brain regions or cell types that have a higher proportion of un- and mono-glycosylated PrP^C^. Nevertheless, overall unfavorable ratios of PrP^C^ glycoforms in brain were likely to be responsible for the slow rate of PrPres replication as well as a modest shift in glycoform ratios observed in animal-derived PrPres relative to dgPMCAb-derived PrPres ([Fig 2b](#ppat.1006563.g002){ref-type="fig"}).

Previous studies on the evolution of synthetic strains helped to establish a relationship between PrPres and PrP^Sc^ \[[@ppat.1006563.ref026],[@ppat.1006563.ref028],[@ppat.1006563.ref043],[@ppat.1006563.ref044]\]. The dynamics between PrPres and PrP^Sc^ described in the current study resembled the changes in self-propagating PrP states during evolution of prion strains of synthetic origin \[[@ppat.1006563.ref026],[@ppat.1006563.ref028],[@ppat.1006563.ref043],[@ppat.1006563.ref044]\]. In previous studies, transmissible prion disease could be produced in wild type animals by inoculating with either rPrP amyloid fibrils or dgPMCAb-derived PrPres formed upon seeding with rPrP amyloid fibrils, and subsequent serial passaging \[[@ppat.1006563.ref026],[@ppat.1006563.ref028],[@ppat.1006563.ref043]\]. PrPres was found to be the first product of PrP^C^ misfolding in animals inoculated with either rPrP amyloid fibrils or dgPMCAb-derived PrPres \[[@ppat.1006563.ref026],[@ppat.1006563.ref028],[@ppat.1006563.ref043],[@ppat.1006563.ref044]\]. In the course of serial transmission, PrPres gave rise to *bona fide* PrP^Sc^ and was replaced by PrP^Sc^ by the end of 2^nd^ or 3^d^ passages \[[@ppat.1006563.ref026],[@ppat.1006563.ref028],[@ppat.1006563.ref043],[@ppat.1006563.ref044]\]. As judged from biochemical assays, PrPres and PrP^Sc^ were structurally different \[[@ppat.1006563.ref026],[@ppat.1006563.ref027],[@ppat.1006563.ref040]\]. Nevertheless, a detailed analysis of the dynamics of the PrPres-to-PrP^Sc^ transition suggested a mechanism, in which PrP^Sc^ forms as a result of rare deformed templating events during replication of PrPres. Once the first PrP^Sc^ particles are generated, PrP^Sc^ replicates independently of PrPres and replaces PrPres because of its faster replication rate \[[@ppat.1006563.ref026],[@ppat.1006563.ref043],[@ppat.1006563.ref044]\]. Similarities in the dynamics between PrPres and PrP^Sc^ in the current work and those observed during evolution of synthetic prions suggest that PrP^Sc^ evolved from transmissible, self-replicating PrPres, which was the first misfolded state triggered by cross-seeding.

Animals from both groups inoculated with dgPMCAb-derived PrPres showed fine diffuse synaptic PrP deposits immunoreactive with SAF-84 antibody in the cortex and hippocampus, but relatively minor astrocytic gliosis and minimal if any spongiosis or microgliosis. Lack of substantial lesions in the first passage despite deposition of considerable amounts of PrPres correlated well with the lack of clinical symptoms and suggested that PrPres is not toxic *per se* and does not lead to inflammation of glia. These results are in good agreement with the previous studies that documented lack of clinical symptoms and neuronal toxicity in animals that had deposits of self-propagating C-terminal PrPres states in the absence of PrP^Sc^ \[[@ppat.1006563.ref043]--[@ppat.1006563.ref045]\]. Animals of the second passage displayed clinical symptoms and pronounced lesions including spongiosis, astrocytic gliosis and microgliosis, the major histopathological hallmarks of TSEs. The presence of clinical symptoms and TSE-specific lesions correlated well with accumulation of PrP^Sc^ detectible by immunostaining of brain slices and in Western blots. Several types of 3F4-positive PrP deposits were observed including large plaques in subventricular zones, consistent perivascular aggregates, perineuronal deposits and small diffuse deposits.

One of the most intriguing findings of the current work is that self-replicating PrP states that lead to transmissible prion diseases could arise via cross-seeding by α-synuclein that has no sequence homology with the mammalian prion protein ([S3 Fig](#ppat.1006563.s004){ref-type="supplementary-material"}). Surprisingly, fibrils prepared from mouse rPrP, which is 94% identical to Syrian hamster PrP, did not have any detectible seeding effects with respect to hamster PrP as a substrate in this assay. Moreover, our previous studies demonstrated that Syrian hamster rPrP fibrils (referred to as S fibrils), which had a cross-β folding pattern different from that of the hamster fibrils used in the current work \[[@ppat.1006563.ref046],[@ppat.1006563.ref047]\], also failed to seed PrPres in dgPMCAb conducted in Syrian hamster brain homogenates \[[@ppat.1006563.ref026]\]. Together, these results suggest that commonality in folding patterns of fibrils rather than high sequence identity or homology between seeds and a substrate might be critical for successful cross-seeding.

In the current work, human α-synuclein aggregates were found to cross-seed hamster PrP. Because human α-synuclein and PrP have no sequence homology, regardless of the species-specific sequence of PrP, it is likely that seeding specificity by human α-synuclein is not limited to hamster PrP. Nevertheless, the question of whether the cross-seeding is due to an idiosyncrasy of these two specific players or whether this effect could be generalized is of great clinical importance and should be addressed in future studies. Notably, studies on cross-species prion transmission demonstrated that differences in PrP primary structures between host and donor do not always guarantee a strong species barrier \[[@ppat.1006563.ref048]\]. For instance, prions from a variety of species can be transmitted very effectively to the bank vole despite differences in amino acid sequences, showing very little if any species barrier and suggesting that the bank vole is a universal host \[[@ppat.1006563.ref048],[@ppat.1006563.ref049]\]. On other hand, in certain lines of transgenic mice expressing human PrP^C^ the transmission of a new variant CJD showed significant barrier, as judged from long incubation times, incomplete attack rates or lack of clinical diseases, despite identity in amino acid sequences of the host PrP^C^ and donor PrP^Sc^ \[[@ppat.1006563.ref050],[@ppat.1006563.ref051]\]. The current study, along with the observations that spontaneous non-seeded conversion or conversions seeded with Mo rPrP or Aβ fibrils have not been observed, argues that in dgPMCAb conditions conversion of PrP^C^ into self-propagating PrPres displays a high energy activation barrier. What characteristics of seeds are important for successful cross-seeding? Lack of detectable cross-seeding effects by non-fibrillar α-synuclein or fibrillar Aβ suggests that having amyloid-specific, cross-β folding patterns might be important but is not sufficient for cross-seeding. Consistent with the mechanism postulated by deformed templating \[[@ppat.1006563.ref052],[@ppat.1006563.ref053]\], we propose that successful cross-seeding requires a partial overlap between the cross-β folding pattern of the seed and the folding pattern favored by the primary structure of the substrate, whereas high sequence homology between two proteins is not as important. As bulky N-linked glycans limit the range of possible self-replicating states accessible to PrP^C^ due to spatial interference, their partial cleavage makes the states, that are otherwise prohibited, accessible to PrP^C^.

Although Aβ fibrils formed *in vitro* did not seed formation of PrPres in dgPMCAb, the possibility of prion cross-seeding by Aβ cannot be completely dismissed. Several conformationally distinct strains of Aβ fibrils have been identified in Alzheimer's disease patients and mouse models of Alzheimer's disease \[[@ppat.1006563.ref054]--[@ppat.1006563.ref057]\]. Moreover, unless seeded with brain extracts from individuals with Alzheimer's disease, the fibrils produced *in vitro* were found to be structurally different from those formed in human brain \[[@ppat.1006563.ref058]\]. Since it is highly unlikely that our *in vitro* preparations of Aβ fibrils contain structures similar to those formed in human brain, the possibility of cross-seeding of prion formation by naturally occurring Aβ fibrils needs to be examined. Recent studies demonstrated cross-seeding activity of Tau aggregation by Aβ fibrils in cellular assays, producing potent Tau seeds that induced Tau pathology *in vivo* \[[@ppat.1006563.ref023]\]. In support of the hypothesis that the structure of seeds is important in determining the effectiveness of the cross-seeding, two distinct strains of recombinant α-synuclein fibrils produced *in vitro* were shown to cross-seed tau aggregation in primary neurons and transgenic animals with strikingly different efficiency \[[@ppat.1006563.ref024]\]. Nevertheless, the experiment using Aβ fibrils illustrates that not every fibrillar state possesses cross-seeding activity, documenting the high selectivity of cross-seeding under dgPMCAb conditions.

The possibility of cross-seeding raises questions regarding the etiology of prion diseases that are considered to be sporadic in origin. As shown in the current study, cross-seeding might give rise to self-replicating PrP states, which are not toxic *per se* but lead to PrP^Sc^ and prion disease upon serial transmission. One might hypothesize that in patients with α-synuclein pathology, cross-seeding might trigger PrP^C^ misfolding leading to a progression and combined Parkinson's and prion diseases. Keeping in mind that Parkinson's disease is more prevalent than sCJD and that the progression of the clinical stage of Parkinson's disease is slower than that of sCJD, one cannot exclude the possibility that cross-seeding of prions by pathogenic states of α-synuclein might be responsible for a small fraction of sCJD cases. Vice versa, misfolding of PrP^C^ variants associated with genetic prion disease might cross-seed α-synuclein aggregates resulting in mixed brain pathologies. In agreement with this hypothesis, previous studies have described the coexistence of clinical symptoms of CJD and Parkinson's disease or deposition of both prion and α-synuclein aggregates in brain \[[@ppat.1006563.ref003]--[@ppat.1006563.ref006],[@ppat.1006563.ref059]\]. Indeed, 15% of individuals with genetic CJD associated with PrP mutation E200K were found to exhibit Lewy-type α-synuclein pathology \[[@ppat.1006563.ref010]\]. Preclinical multiple system atrophy, which is characterized by inclusions of α-synuclein deposits in glia, was found in a patient who succumbed to sCJD \[[@ppat.1006563.ref006]\]. α-synuclein-immunoreactive deposits have also been found in the central nervous system of patients with various prion diseases, including sCJD, variably protease-sensitive prionopathy, in natural scrapie in sheep and goats, and in hamsters infected with scrapie \[[@ppat.1006563.ref004],[@ppat.1006563.ref005],[@ppat.1006563.ref007],[@ppat.1006563.ref012],[@ppat.1006563.ref013]\].

Which cellular sites are involved in cross-seeding? While the majority of aggregated α-synuclein including α-synuclein A30P mutant is deposited intracellularly in the form of Lewy bodies \[[@ppat.1006563.ref060],[@ppat.1006563.ref061]\] (reviewed in \[[@ppat.1006563.ref062]\]), a series of recent studies described extracellular α-synuclein, which is believed to be responsible for cell-to-cell spread of α-synuclein aggregates \[[@ppat.1006563.ref063]--[@ppat.1006563.ref067]\]. Extracellular α-synuclein oligomers were found either in association with exosomes or free \[[@ppat.1006563.ref066]\]. Recent studies suggested that PrP^C^ might be involved in spreading extracellular α-synuclein and that the charged PrP^C^ region encompassing residues 95--110 is responsible for the interaction with α-synuclein \[[@ppat.1006563.ref068]\]. Fibrillar α-synuclein was found to bind strongly to PrP^C^-expressing cells and spread faster in PrP^C^-overexpressing mice in comparison to the wild type or knockout controls \[[@ppat.1006563.ref068]\]. Lysosomes might serve as alternative cellular sites of cross-seeding, as both oligomeric α-synuclein and PrP^C^ are processed through the endo-lysosomal system \[[@ppat.1006563.ref067],[@ppat.1006563.ref069]--[@ppat.1006563.ref072]\]. It will be important to establish in future studies whether cross-seeding of prions by α-synuclein occurs *in vivo* and whether it can be induced by extracts of pathological α-synuclein derived from Parkinson's disease patients. In addition, future studies of the interaction among proteins associated with different neurodegenerative diseases should establish whether the concept of cross-seeding can be generalized.

Materials and methods {#sec004}
=====================

Ethics statement {#sec005}
----------------

This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The animal protocol was approved by the Institutional Animal Care and Use Committee of the University of Maryland, Baltimore (Assurance Number A32000-01; Permit Number: 0215002).

Expression and purification of rPrP, formation of rPrP fibrils, α-synuclein fibrils and Aβ fibrils {#sec006}
--------------------------------------------------------------------------------------------------

Full-length recombinant mouse or Syrian hamster PrPs (rPrP) were expressed and purified according to a previously described procedure \[[@ppat.1006563.ref073]\]. Lyophilized preparations of rPrPs were dissolved in 5 mM HEPES (pH 7.0) immediately before use. To form mouse rPrP fibrils, the rPrP stock solution was supplemented with 50 mM MES (pH 6.0), three 2/32" Teflon beads (McMaster-Carr, Robbinsville, NJ), and either 0, 0.1, 0.5 or 2.0 M GdnHCl, and incubated at 37°C under continuous agitation. Fibrillation was performed with 0.25 mg/ml rPrP under 600 rpm horizontal shaking using Wallac 1296--004 Delfia Plateshake in a total volume 0.6 ml. Amyloid formation was confirmed by the Thioflavin T (ThT) fluorescence assay as previously described \[[@ppat.1006563.ref074]\] ([S1 Table](#ppat.1006563.s001){ref-type="supplementary-material"}). Syrian hamster rPrP fibrils were formed in 0.5 M GdnHCl as previously described \[[@ppat.1006563.ref026]\].

Human wild type (WT) α-synuclein was from two sources: (\#1) purified as previously described \[[@ppat.1006563.ref075]\] and (\#2) purchased (cat \# S-1001-2, rPeptide, Bogart, GA). The purity of purified α-synuclein was confirmed by electrophoresis on precast 12% SDS-PAGE ([S1 Fig](#ppat.1006563.s002){ref-type="supplementary-material"}). Lyophilized α-synuclein was resuspended in PBS to a final concentration of 280 μM, supplied with 3 2/32" Teflon beads (McMaster-Carr) in a total volume 0.5 ml and incubated at 37°C under 600 rpm horizontal shaking using Wallac 1296--004 Delfia Plateshake. Formation of fibrils was confirmed using the ThT fluorescence assay as described \[[@ppat.1006563.ref074]\]. The fibrils were then used for seeding protein misfolding cyclic amplification with partially deglycosylated substrate (dgPMCAb) or inoculation into Syrian hamsters.

Human Aβ (residues 1--40) was purchased (Pepnome Limited, Hong Kong, China) and subjected to fibrillation in a total volume 0.5 ml under six solvent conditions: (\#1) 0.5 mM Aβ, 150 mM HEPES pH 7.4, 150 mM NaCl, 24 h at room temperature; (\#2) 0.1 mM Aβ, 10 mM PBS pH 7.4, 7 days at 4°C; (\#3): 25 μM Aβ, PBS pH 7.4, 7 days at 25°C; (\#4) 50 μM Aβ, 100 mM NaCl, PBS pH 7.4, 24 h at 37°C; (\#5): 40 μM Aβ, 0.5 M Tris pH 7.5, 7 days at 37°C with 3 beads (McMaster-Carr); and (\#6) 200 μM Aβ, 0.5 M Tris pH 7.5, 7 days at 37°C with 3 beads (McMaster-Carr). For conditions \#5 and \#6, the reactions were conducted under 600 rpm horizontal shaking using Wallac 1296--004 Delfia Plateshake. Formation of fibrils was confirmed using the ThT fluorescence assay as described \[[@ppat.1006563.ref074]\] ([S1 Table](#ppat.1006563.s001){ref-type="supplementary-material"}). The fibrils were then used as seeds in dgPMCAb ([S1 Table](#ppat.1006563.s001){ref-type="supplementary-material"}).

Culturing HeLa cells expressing human α-synuclein WT and variant {#sec007}
----------------------------------------------------------------

HeLa cells (American Type Culture Collection, Manassas, VA) were transfected with GFP-tagged human α-synuclein WT or the A30P mutant, and stable cell lines expressing the proteins were isolated. Cells were cultured in Dulbecco's modified Eagle's medium (DMEM, Invitrogen) supplemented with 10% fetal bovine serum in the absence of sodium arsenate (cat \# 10437, Life Technologies, condition \#1), or in the presence of 5 μM sodium arsenate (Sigma-Aldrich) added 1 hour prior to cell harvesting (condition \#2). Fluorescent images of live cells were captured using an inverted microscope (Nikon Eclipse TE2000-U) equipped with an illumination system X-cite 120 (EXFO Photonics Solutions Inc, Exton, PA, USA) and a cooled 12-bit CoolSmap HQ CCD camera (Photometrics, Tucson, AZ, USA). Images were processed using WCIF ImageJ software (National Institute of Health, Bethesda, MD, USA).

Protein misfolding cyclic amplification with beads and partially deglycosylated substrate (dgPMCAb) {#sec008}
---------------------------------------------------------------------------------------------------

10% normal brain homogenate (NBH) from healthy hamsters was prepared as described previously \[[@ppat.1006563.ref028]\]. To produce substrate for dgPMCAb, 10% NBH from healthy hamsters was treated with peptide-N-glycosidase F (PNGase F) (cat \# P0705S, New England BioLabs, Ipswich, MA) as follows. After preclearance of NBH at 500 × g for 2 min, 1500 U/ml PNGase F was added to the supernatant, and the reaction was incubated on a rotator at 37°C for 5 h. For serial dgPMCAb reactions, 90 ul PNGase F-treated NBH aliquots were placed in thin-wall PCR tubes, supplied with two 2/32" Teflon beads (McMaster-Carr) \[[@ppat.1006563.ref076]\], and seeded with 10 ul of one of the following: (i) *in vitro*-produced α-synuclein fibrils; (ii) non-fibrillar α-synuclein; (iii) *in vitro*-produced Aβ fibrils; (iv) *in vitro*-produced mouse rPrP fibrils, (v) lysates of HeLa cells expressing wild type (WT) human α-synuclein, or (vi) lysates of HeLa cells expressing A30P variant α-synuclein. As negative controls in each experiment non-seeded dgPMCAb reactions were placed onto the same microplate horn and sonicated/incubated together with seeded dgPMCAb reactions. dgPMCAb reactions were carried out using a Misonix S-4000 microplate horn (Qsonica LLC, Newtown, CT) for seven rounds. Each round consisted of 30 sec sonication pulses delivered at 170W energy output applied every 30 min during a 24 hour period. For each subsequent round, 10 μl of the reaction from the previous round were added to 90 μl of fresh substrate.

Proteinase K digestion assay of dgPMCAb-derived products {#sec009}
--------------------------------------------------------

Ten μl of dgPMCAb-derived samples were supplemented with 5 μl SDS and 5 μl PK to a final concentration of 0.25% SDS and 25 μg/ml PK and incubation for 1 hour at 37°C. The digestion was terminated by addition of SDS sample buffer and heating the samples for 10 min in a boiling water bath. Samples were loaded onto NuPAGE 12% BisTris gels, transferred to PVDF membrane, and probed with anti-PrP SAF-84 antibodies (Cayman Chemical, Ann Arbor, MI).

Animal bioassay {#sec010}
---------------

Four to five week old Golden Syrian hamsters (all males, Harlan Laboratories, Indianapolis, IN) were inoculated intracranically (IC) into the left hemisphere, \~3 mm to the left of the midline and \~3 mm anterior to a line drawn between the ears under 2% isoflurane anesthesia. Each animal received 50 μl of dgPMCAb-derived materials diluted 10-fold in 1% BSA/PBS or 50 μl of α-synuclein (280 μM in a fibrillar or non-fibrillar state) diluted 10-fold in PBS (final concentration in inocula 28 μM). After inoculation, hamsters were observed daily for disease using a 'blind' scoring protocol. Animals from the first passage did not develop any clinical symptoms and were euthanized at 561 days post inoculation by asphyxiation with CO~2~ ([Table 1](#ppat.1006563.t001){ref-type="table"}). For the second passage, 10% brain homogenates (BH) in PBS were dispersed by 30 sec of sonication immediately before inoculation. Each hamster received 50 μl of 10% BH inoculum IC under 2% isoflurane anesthesia and was observed daily for disease using a 'blind' scoring protocol. The following symptoms were observed: a non-habituating startle response to sound and touch; an agitated, fidgeting behavior; dry skin, patchy and shedding hair. Animals were sacrificed at 638--642 days post inoculation by asphyxiation with CO~2~ ([Table 1](#ppat.1006563.t001){ref-type="table"}). Animals that did not develop clinical signs of disease were euthanized at 642 days post inoculation ([Table 1](#ppat.1006563.t001){ref-type="table"}). Animals were not perfused.

Proteinase K digestion assay of brain-derived products {#sec011}
------------------------------------------------------

10% (wt/vol) brain homogenate (BH) was prepared in PBS, pH 7.4, using glass/Teflon homogenizers attached to a cordless 12 V compact drill (Ryobi) as previously described \[[@ppat.1006563.ref077]\]. 10% BH was briefly sonicated and mixed with an equal volume of 4% sarcosyl in PBS, supplemented with 50 mM Tris, pH 7.5, and digested with 20 μg/ml PK (cat \# P8107S, New England BioLabs, Ipswich, MA) for 30 min at 37°C with shaking. PK digestion was stopped by adding SDS sample buffer and heating the samples for 10 min in a boiling water bath. Samples were loaded onto NuPAGE 12% Bis-Tris gels, transferred to PVDF membranes, and probed with 3F4 or SAF-84 antibodies.

Histopathological studies {#sec012}
-------------------------

Histopathological studies were performed on three animals per group. Formalin fixed brain halves were divided at the midline. Right hemisphere was frozen, and left hemisphere was fixed in 10% neutral buffered formalin solution. Formalin-fixed hemispheres were paraffin embedded, sliced into 4 μm sections and processed for hematoxylin-eosin stain as well as for immunohistochemistry for PrP using the mouse monoclonal anti-PrP antibody SAF-84 (1:1000, Cayman Chemical) and 3F4 (1:1000, Covance, Berkeley, CA, USA), anti-glial fibrillar acidic protein (GFAP; 1:3000, Dako, Glostrup, Denmark), or anti-Iba1 antibody (1:500, Wako, Richmond, VA, USA). Horse radish peroxidase-labeled goat anti-rabbit and anti-mouse antibody (KPL, Milford, MA) were used as secondary antibody for GFAP and Iba1 (rabbit), 3F4 (mouse) and SAF-84 (mouse). Detection was performed using DAB Quanto chromogen and substrate (VWR, Radnor, PA). Brains were treated in formic acid (96%) prior to embedding in paraffin to deactivate prion infectivity. For detection of disease-associated PrP, we applied a pretreatment of 30 minutes hydrated autoclaving at 121°C followed by 5 minutes in 96% formic acid. We evaluated the brain for the presence of inflammatory infiltrates, spongiform changes, degree of gliosis, and PrP immunoreactivity.

For staining of α-synuclein, brain sections were pretreated by microwaving for 10 minutes in citrate buffer (pH 6), followed by treatment in 98% formic acid for 1 minute. Immunostainings was performed using anti-α-synuclein antibodies: 4D6 (1:10,000, immunogen: human alpha-Synuclein; Covance, Emeryville, CA, USA).

Supporting information {#sec013}
======================

###### Fibril formation for Aβ, Mo rPrP and α-synuclein as monitored by ThT fluorescence assay.

(DOCX)

###### 

Click here for additional data file.

###### Estimation of purity of purified α-synuclein using electrophoresis on precast 12% Bis-Tris SDS-PAGE followed by staining with Coomassie Blue.

(PDF)

###### 

Click here for additional data file.

###### 

Fluorescence microscopy imaging of HeLa cells expressing human WT α-synuclein (**a**) or A30P variant α-synuclein (**b**) detected by GFP fluorescence. Fluorescence microscopy imaging of amyloid fibrils prepared *in vitro* using human WT α-synuclein (**c**) or Aβ peptide (**d**) and stained with Thioflavin T. Thioflavin T staining and microscopy imaging of amyloid fibrils was performed as described earlier \[[@ppat.1006563.ref074]\]. Scale bars = 5 μm.

(PDF)

###### 

Click here for additional data file.

###### Amino acid sequences of human, Syrian hamster and mouse prion proteins and human α-synuclein.

(PDF)

###### 

Click here for additional data file.

###### Histopathological analysis of brains from the 1^st^ passage of dgPMCAb-derived PrPres.

Representative images of the thalamus of animals inoculated with dgPMCAb products seeded with fibrillary α-synuclein (**a, b**) or dgPMCAb products seeded with lysates of HeLa cells expressing A30P α-synuclein (**c, d**). Note the lack of spongiform change in the sections stained with hematoxylin and eosin (**a, c**). Immunostaining for PrP using SAF-84 (**b, d**) revealed diffuse/synaptic and granular deposits. Scale bar in a = 50 μm.

(PDF)

###### 

Click here for additional data file.

###### Histopathological analysis of brains from the 1^st^ passage of dgPMCAb-derived PrPres.

Representative images of the frontal cortex (**a, c**) and hippocampus (**b, d**) of animals inoculated with dgPMCAb products seeded with fibrillary α-synuclein (**a, b**) or dgPMCAb products seeded with lysates of HeLa cells expressing A30P α-synuclein (**c, d**) and stained with 3F4 antibody. Scale bar in **a** = 50 μm.

(PDF)

###### 

Click here for additional data file.

###### Histopathological analysis of microglia in brains from the 1^st^ passage of dgPMCAb-derived PrPres stained for Iba1.

Representative images of the frontal cortex (**a, d**), hippocampus (**b, e**) and thalamus (**c, f**) of animals inoculated with dgPMCAb products seeded with fibrillar WT α-synuclein (**a-c**) or dgPMCAb products seeded with lysates of HeLa cells expressing A30P α-synuclein (**d-f**). Scale bar in **a** = 50 μm.

(PDF)

###### 

Click here for additional data file.

###### Histopathological analysis of brains of animals inoculated with products of non-seeded dgPMCAb reactions (a-h), WT α-synuclein fibrils (i-p), or non-fibriallar α-synuclein (q-x).

Representative images of the frontal cortex (**a-d, i-l, q-t**) and hippocampus (**e-h, m-p, u-x**) stained with hematoxylin and eosin (**a, d, g, j, m, p**), anti-PrP SAF-84 antibody (**b, f, j, n, r, v**), anti-GFAP antibody (**c, g, k, o, s, w**) or anti-Iba1 antibody (**d, h, l, p, t, x**) Scale bar = 100 μm.

(PDF)

###### 

Click here for additional data file.

###### Histopathological analysis for α-synuclein in Syrian hamsters inoculated with dgPMCAb products seeded with fibrillary WT α-synuclein (a-c) and un-inoculated age-matched controls (d-f).

Representative images of the hippocampus (**a, d**), caudate-putamen (**b, e**) and cerebellum (**c, f**) showing the physiological synaptic immunostaining for α-synuclein using the 4D6 antibody. Three animals from each group were examined. Scale bar in **a** = 50 μm for **a-c** and 25 μm for **d-f**.

(PDF)

###### 

Click here for additional data file.

###### Histopathological analysis of brains from the 2^d^ passage of dgPMCAb-derived material produced in non-seeded reactions. Representative images of caudate putamen (a) and cerebellum (b) stained with hematoxylin and eosin, hippocampus stained with anti-PrP 3F4 (c), anti-GFAP (d) or anti-Iba1 antibody (e), or subventricular zones stained with anti-PrP 3F4 (f), anti-GFAP (g) or anti-Iba1 antibody (h).

S-O, stratum orients; S-R, stratum radiatum; S-L, stratum lacunosum-moleculare; d, dentate gyrus, LV, lateral ventricle. Scale bars: in **a, b, f, g, h** = 100 μm, **c, d, e** = 500 μm.

(PDF)

###### 

Click here for additional data file.
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